Specific humoral immune responses in a clinical trial on cattle for vaccines against contagious bovine pleuropneumonia (CBPP) were investigated. The trial included a subunit vaccine consisting of five recombinant putative variable surface proteins of the infectious agent Mycoplasma mycoides subsp. mycoides small colony type (M. mycoides SC) compared to the currently approved attenuated vaccine strain T1/44 and untreated controls. Humoral immune responses to 65 individual recombinant surface proteins of M. mycoides SC were monitored by a recently developed bead-based array assay. Responses to the subunit vaccine components were found to be weak. Animals vaccinated with this vaccine were not protected and had CBPP lesions similar to those of the untreated controls. In correlating protein-specific humoral responses to T1/44-induced immunity, five proteins associated with a protective immune response were identified by statistical evaluation, namely, MSC_1046 (LppQ), MSC_0271, MSC_0136, MSC_0079, and MSC_0431. These five proteins may be important candidates in the development of a novel subunit vaccine against CBPP.
Contagious bovine pleuropneumonia (CBPP) is a severe respiratory disease in cattle caused by Mycoplasma mycoides subsp. mycoides small colony type (M. mycoides SC). CBPP has a major impact on livestock production, and its potential for serious and rapid spread across national borders makes the disease notifiable to the World Organization for Animal Health (OIE). Affected countries are excluded from the international cattle trade. The disease is causing vast problems, with severe socioeconomic consequences in many African countries (12, 39) . CBPP was eradicated from Europe in the beginning of the 20th century (11) but has reemerged every decade since (26) . Slaughtering of all infected herds enabled the European eradication (40) . Although the strategy was successfully used in Botswana during 1995 (40) , it was directly correlated with decreased public health (4) and is not considered to be a reasonable strategy for CBPP control in Africa (9, 20, 21, 39) . The two remaining options are chemotherapy and vaccination campaigns. The use of chemotherapy in CBPP treatment is controversial and officially discouraged due to the risk of creating silent carriers of the disease (32) , although recent antibiotic trials have shown positive effects (16, 25) .
Extensive vaccination is the preferred method for CBPP prevention in Africa (22, 39) , and the currently approved vaccine, T1/44 (and its streptomycin-resistant derivate, T1-SR), is an attenuated live M. mycoides SC strain obtained from 44 passages in eggs that has been in use for nearly 60 years. It has several drawbacks, such as short-term immunity (11) , poor protection in recent trials (26, 34) , and even pathogenicity (23) . Changes in the formulation have been suggested to easily improve the live vaccines (22) , but most recent work has been done to find completely new vaccine formulas. Trials with a saponin-inactivated whole-cell antigen (27) and immunostimulating complex (ISCOM) formulations from the whole mycoplasma cell membrane (2, 17) have so far been unsuccessful. Two subunit vaccine candidates have been evaluated: the first based on the capsular polysaccharide of M. mycoides SC (36) and the second based on the immunogenic lipoprotein LppQ (27) . The polysaccharide antigen has only been evaluated in mice, and the LppQ immunizations seemed to exacerbate the CBPP symptoms in cattle. Subunit vaccines are still desired for CBPP prevention (10) , and possible components can be proteins of known pathogenicity mechanisms, as recently reviewed (30) . Among these are the well-characterized lipoproteins LppA (6) , LppB (38) , LppC (31) , and LppQ (1) and the variable surface protein Vmm (29) . LppQ is the predominant antigen during infection in cattle (3) and has been subcloned to develop an enzyme-linked immunosorbent assay (ELISA) for CBPP diagnostics (5) . It has also recently been suggested as part of a multiprotein ELISA with LppA and other surface proteins (24) .
In this study, we performed a clinical trial in cattle with a recombinant antigen vaccine candidate and analyzed the protein-specific humoral immune responses evoked by this potential vaccine, the T1/44 vaccine, and control cattle with CBPP. The antigen for immunizations consisted of five previously studied putative variable surface proteins expressed as recombinant proteins in Escherichia coli (15) . Since, historically, only those vaccines of live M. mycoides SC strains have conferred satisfactory protective immune responses, the aim was to make a vaccine of surface components that may differ between M. mycoides SC organisms in a host environment and those cultivated in growth media. Variable surface proteins are generally believed to enhance colonization of the host tissue and help evade host immune responses by antigenic variation, as summarized in reference 29. In a subunit vaccine, they may therefore trigger immune responses that inhibit or prevent the above-mentioned mechanisms.
Monitoring of protein-specific humoral responses was accomplished with the recently developed M. mycoides SC surface protein bead-based array (14) . The assay is based on a platform from Luminex Corp. using spectrally distinguishable microspheres (13) to form an array in suspension. Binding of serum antibodies to 65 recombinant mycoplasma surface proteins, each coupled to a unique bead, was analyzed using a flow cytometer-like instrument. This enabled monitoring of the humoral immune responses at regular time points throughout the vaccine trial and statistical identification of proteins that were associated with a protective immune response in the T1/44vaccinated cattle, after the clinical evaluation and postmortem reports were completed.
MATERIALS AND METHODS
Vaccine trial. (i) Cattle. The experimental protocol, including justification, was approved by the Director of Veterinary Services in Windhoek, Namibia. Cattle from a government research farm in an area free of CBPP for 70 years were selected and tested to be serologically negative to M. mycoides SC by complement fixation test (CFT) and competitive ELISA (cELISA). They were then moved to the Okavango region in the northern region of Namibia, and a total of 35 cattle were housed together outdoors in an enclosed pasture. Ten of the cattle were infected by intubation with M. mycoides SC, five were given the recombinant antigens, and five were given the T1/44 vaccine. Five cattle were untreated in-contact infection controls, and the 10 remaining cattle were given vaccines from a trial held in parallel.
(ii) Immunizations. The antigen mixture for the recombinant vaccine candidate consisted of recombinant versions of the following putative variable surface proteins of M. mycoides SC: MSC_0117, MSC_0364, MSC_0816, MSC_0847, and MSC_1033 (37) . The proteins were expressed as fusion proteins in E. coli with a hexahistidine and albumin binding protein tag (His 6 -ABP) as previously described (15) . Equal amounts of each protein were mixed to a total protein concentration of 1 mg/ml (0.2 mg/ml of each protein) and incubated for 1 h with an adsorbent aluminum hydroxide gel (5% [vol/vol] Rehydragel LV; General Chemical Corp.). An oil-in-water emulsion was added (15% [vol/vol] Emulsigen; MVP Technologies), and the subunit vaccine was stored at ϩ4°C until use, approximately 3 weeks. At immunization, each animal was given a single 1-ml dose subcutaneously in the left side of the neck. The T1/44 PERIBOV (Panvac modified strain) freeze-dried vaccine, with a minimum of 10 7 CFU, was obtained from the Botswana Vaccine Institute. It was reconstituted immediately before use, and 1 ml was given subcutaneously in the left side of the neck, as recommended, to five cattle.
(iii) CBPP challenge. Ten untreated cattle were infected with the "Matapi" strain of M. mycoides SC as a source of infection 1 month after vaccinations in the other groups. The "Matapi" strain was grown to a titer of 10 9 /ml in modified Hayflick's medium (MHM). The infection was carried out once by intubation to the bifurcation of the bronchi with 20 ml culture followed by 30 ml MHM agar washed down with 50 ml MHM broth. The experiment continued for 123 days after intubation, which was denoted as day zero. The trial thus spanned days Ϫ36 (immunization) to 125 (final sacrifice). All animals were kept together outdoors in an enclosed pasture throughout the trial.
(iv) Disease monitoring during the experimental period. All cattle had regular veterinarian inspections, including daily temperature recordings and weekly blood sampling. The CFT was carried out as described in the OIE manual (28) . The cattle were sacrificed by skilled personnel and examined postmortem by veterinary pathologists at the end of the experimental period.
Monitoring of protein-specific humoral immune responses. Serum samples were transported on dry ice and kept at Ϫ80°C until analysis with the bead-based M. mycoides SC recombinant surface protein array (14) . During these experiments, the array consisted of 66 recombinant proteins with predicted surface localization and mostly full-length size, including the control protein and the fusion tag His 6 -ABP, which is present in all recombinant proteins (for details, see Table S1 in the supplemental material). Experiments were conducted as previously described (14) . In brief, the Luminex suspension array technology was used as follows. Sera were diluted 1:3,000 and preadsorbed with His 6 -ABP and an E coli lysate to reduce undesired signals. Each serum sample was incubated for 1 h with 5 l of bead mixture (a solution containing the 66 proteins covalently bound to magnetic beads of separate identifications [IDs]). Beads were sedimented magnetically, washed, and resuspended in a biotinylated anti-bovine IgG solution (30 l, 0.5 g/ml; Jackson Immunoresearch). After 45 min of incubation, beads were again washed and resuspended in a phycoerythrin-labeled streptavidin solution (30 l, 0.5 g/ml; Pierce) and incubated for 20 min. Finally, the beads were washed and mixed with a stop solution (0.2% [vol/vol] paraformaldehyde in 100 l of 0.1 M phosphate-buffered saline [PBS; pH 7.2]) for 5 min followed by a last sedimentation and resuspension in PBS-0.1% Tween 20 (PBST). Samples were thereafter analyzed in a Luminex LX200 system using Luminex IS 2.3 software counting 50 events per bead ID and sample. The median fluorescence intensity (MFI) was chosen to display serum antibody-protein interactions; data analysis and graphical presentation were performed in Microsoft Excel 2008 or R, an environment for statistical computing and graphics (18) .
RESULTS

Observations during the vaccine trial. (i) Directly infected cattle.
Nine out of the 10 cattle that were intubated with M. mycoides SC as a source of infection were serologically positive for CBPP by CFT and cELISA during the trial. At postmortem examination, the intubated cattle showed lesions typical of CBPP, including eight cattle with encapsulated sequestra and one with a marbled lung. Postmortem examination of the tenth cow showed a hypertrophic lung only. In all, these results show a successful establishment of CBPP within the vaccine trial.
(ii) In-contact infection control cattle. All five cattle were serologically positive for CBPP by day 90 of the trial, about 13 weeks after exposure to the intubated cattle (see Table S2 in the supplemental material). At postmortem examination, all five cattle manifested acute and/or subacute CBPP lesions (Table 1). Chronic lesions were also present in all cattle, small sequestra (Ͻ5 cm) in two cows, and large sequestra (Ͼ20 cm) in the remaining three. These results demonstrate that CBPP was spread among the cattle in the trial, thus challenging both vaccine groups.
(iii) T1/44-vaccinated cattle. All five cattle had immune responses to the vaccine as judged by CFT prior to CBPP exposure to intubated cattle at day zero and onwards (see Table S2 in the supplemental material). One cow had low CFT titers (1/40 or less) throughout, for 104 days, (15 weeks) and three cows had stronger CFT titers that declined after day 55 (week 8). The last cow, no. 192, was CFT positive throughout the trial, peaking at a titer of 1/10,240 on day 69 (week 10). Postmortem examinations revealed adhesion between the visceral and parietal pleura and a small sequestra (5 cm) in this animal. All five cattle had pleural fluid, and two had pericardic fluid (Table 1) .
(iv) Cattle receiving the recombinant vaccine candidate. One of the five cattle immunized with the recombinant antigens was CFT positive by day 0. The remaining cattle became CFT positive following challenge by the intubated cattle (from intubation on day zero and onwards); all were CFT positive by day 90 (week 13; see Table S2 in the supplemental material). Postmortem examinations revealed CBPP lesions including pleural adhesion and sequestra in all cattle; four also had pleural fluid (Table 1) . Three cattle had large sequestra, almost encompassing the whole lung in two cases. The last two cattle had one and two small sequestra, respectively.
Multiplex analysis using surface protein array. (i) Identification of protein-specific responses. Serum samples were collected on a weekly basis from the three groups of five cattle in the vaccine trial, and all 237 samples were analyzed using the suspension bead array assay. Analysis was divided into three runs and results were reported as median fluorescence intensity (MFI) for each recombinant protein ID. The reproducibility of the experiment determined by a serum pool used in all three runs generated an interassay coefficient of variation (CV) of 23%. For each animal, the MFI signals during the whole trial were visualized in charts as a time-sequential humoral (IgG) response curve for each protein. Both vaccinated groups and the untreated in-contact group are shown in Fig. 1 . The T1/44-vaccinated cattle (Fig. 1A) had similar signal patterns with generally low IgG titers throughout the study, with the exception of an initial and persistent raised titer to MSC_1046. However, cow 192 differs from the others as it lacked the initial high titer to MSC_1046 and had a pattern of raised IgG titers to several proteins later in the trial. A sequester was revealed at the postmortem examination of this cow, and the peak CFT titer of 1/10,240 was noted within a week of the detected protein-specific titers to several proteins.
Interestingly, cattle that had received the recombinant vaccine candidate had no persisting antibody titers at day 0 from any of the five antigens, showing that the immunization administered in this way did not raise a long-lasting humoral immune response. The groups of cattle immunized with the recombi-nant vaccine candidate ( Fig. 1B) and untreated controls (Fig.  1C ) in fact showed similar responses, characterized by a dramatic increase in antibody titers to many M. mycoides SC recombinant surface proteins in the latter part of the trial. As all these cattle had CBPP lesions including sequestra at postmortem examination (Table 1) , this elevated M. mycoides SCspecific response signifies onset of clinical CBPP in the animal. This raised response is seen within a week (on average) of CFT titers of 1/320 or more (see Table S2 in the supplemental material), which further verifies onset of clinical CBPP.
By using the internal control, fusion tag His 6 -ABP, the binding of serum antibodies to the fusion tag was monitored in each serum sample. Its signal was generally low, with a mean at 230 arbitrary units (AU), although in 18 samples from five cattle in the later stages of the trial, there were peaks at Ϯ500 to 2,000 AU when general antibody titers were high (day 69 and onwards). This can be compared to the maximum signals from these serum samples that approached 20,000 AU.
To obtain an overview of the complete data set, the results were visualized in a heat map (Fig. 2) in which proteins and sera were hierarchically clustered based on Euclidian distances of log 2 -transformed signals. Three major clusters of sera were formed: (i) a cluster of sera with high antibody titers to M. mycoides SC taken during the progression of CBPP in the recombinant vaccine candidate and control groups; (ii) a cluster of all but one serum from the T1/44-vaccinated group and sera from the other groups with slightly raised titers, taken just before the onset of CBPP; and (iii) a cluster of sera with low IgG titers taken early in the trial from same two groups. The remaining sample from the T1/44 group is the last sample from cow 179, characterized by overall lower signals which were comparable to the low-signal serum cluster (Fig. 1A) . Serumfree controls clustered separately. Replicates of the two CBPPpositive controls clustered together in the CBPP-affected cluster, and replicates of the CBPP-negative control clustered into two groups within the low-signal serum cluster.
The proteins formed two major clusters. The first contained immunodominant surface proteins that had evoked strong humoral immune responses shown by medium to high signals.
The two most potent stimulators of the humoral immune response formed their own subcluster, namely, MSC_1046 and MSC_0816. These proteins have also been identified in several other screening analyses of CBPP-diseased cattle (1, 14, 15, 24) . The high antibody titers to MSC_1046 and MSC_0816 were found among the diseased as well as the T1/44-vaccinated cattle. The top subcluster of immunodominant proteins obtained predominantly strong signals in sera from diseased cattle and some sera from T1/44-vaccinated cattle, while signals from the remaining subclusters were more scattered and varied from one serum to another. In the second major protein cluster, proteins that may be poor immunogens or at least have triggered low titers of IgG were found. Four of the five components of the recombinant vaccine candidate were found in the cluster of presumably immunodominant proteins, while the last (MSC_1033) was found in the cluster of presumably poor immunogens. The internal control protein His 6 -ABP (fusion partner of all recombinant proteins) was found in this cluster and indicated the threshold level for mycoplasma-specific signals in each serum. This analysis indicates that the CBPPdiseased cattle evoked strong humoral immune responses to test was used to identify significant mean signal differences (per animal) for each protein, and the results were visualized in a volcano plot ( Fig. 3) . Here, four proteins were identified with significantly (P Ͻ 0.05) higher antibody titers of at least 3-fold magnitude in T1/44 receivers. These recombinant proteins were designed with the following native counterparts, in descending order: MSC_1046, MSC_0271, MSC_0136, and MSC_0079. A fifth protein, MSC_0431, had significantly higher antibody titers (P Ͻ 0.05) and was close to the 3-fold criterion. MSC_1046 corresponds to the LppQ protein and seems to be most important in the T1/44-induced humoral response. It had the highest significance (P Ͻ 0.01) and largest signal differences (an average of 5,800 AU to 400 AU). From the time line graphs in Fig. 1A , antibody titers for MSC_1046 are high from the beginning and throughout the trial, with the exception of cow 192, in which a small CBPP lesion was found.
In this cow and all cattle of both other groups ( Fig. 1B and C) high antibody titers to R1046 concurred with the onset of clinical CBPP, also evident in Fig. 2 . In this context, an initial strong antibody response to MSC_1046 (LppQ) seems to be an indicator in creating a protective immune response. The remaining four proteins were not as evident as MSC_1046 (LppQ) in the time line graphs (Fig. 1 ) since their absolute signals were lower (an average of Ͻ1,700 AU) in the T1/44vaccinated group. Like MSC_1046 (LppQ), these four proteins also generated strong immune responses in cattle with clinical CBPP (Fig. 2) . None of the four latter immunodominant proteins have been extensively studied before, MSC_0079 is a putative phosphonate ABC transporter, and MSC_0136 is a putative protein. The MSC_0136 gene has previously been used in a phylogenetic study of the Mycoplasma mycoides cluster (33) . MSC_0431 and MSC_0271 are both predicted to be lipoproteins. Three of these proteins (except MSC_0271) and MSC_1046 have recently been suggested as parts of novel CBPP diagnostics based on eight or nine recombinant proteins (24) .
(iii) Effects of the recombinant vaccine candidate. According to the clinical data, the immunizations with the recombinant vaccine candidate had no protective effect and CBPP progressed as in the control group. To investigate whether this was due to a poor immunization scheme or a nonprotective immune response, antibody titers to the subcomponents of the vaccine candidate were examined. Results are summarized as box plots in Fig. 4 , showing results from all time points grouped as before and during CBPP infection. MSC_1033 had uniformly low titers throughout the vaccine trial (signals of Ϯ1,000 AU) and was excluded from the analysis. For one protein, MSC_0847, significantly (P Ͻ 0.05) higher mean IgG titers were observed in the recombinant vaccine candidate group compared to the controls before onset of CBPP. During the manifested disease, mean titers to MSC_0117 were significantly (P Ͻ 0.05) higher in the recombinant vaccine candidate group and MSC_0364 had seemingly higher mean titers. Judging from these results, the vaccination induced a stronger immune response to three of the five proteins, but it was not as high as the IgG titer to MSC_1046 (LppQ) that was seen throughout the study when induced by T1/44 vaccination (Fig.  1A) . Interestingly, IgG titers to MSC_0816 during CBPP were lower in the T1/44 group than those in the other groups.
DISCUSSION
This study had two objectives: to evaluate the candidate recombinant vaccine and more importantly to find novel protein targets to include in a second-generation recombinant vaccine. Judging from the clinical data, it is obvious that the recombinant vaccine candidate did not confer protection against CBPP. Clinical observations during the trial and at postmortem ( Table 1) were indistinguishable from those of the untreated control group, while the T1/44 vaccine conferred protection but not full prevention of lung lesions. However, failure of the recombinant antigens could be due to an insufficient immune response under the present adjuvant and administration conditions. Comparisons of the CFT titers to both vaccines (see Table S2 in the supplemental material) show an earlier and stronger response to T1/44, although it could partly be explained by the nature of the CFT, as this and the T1/44 vaccine are both based on whole-cell M. mycoides SC.
The protein-specific responses ( Fig. 1 and 2 ) also separate the T1/44-vaccinated cattle from the cattle receiving the recombinant vaccine candidate and the control group. However, scrutiny of the five recombinant antigen components (Fig. 4 ) shows significant differences for one protein prior to the onset of the disease and for one protein during clinical CBPP, indicating that the recombinant vaccine candidate did trigger a FIG. 3. Significant differences in responses of T1/44-vaccinated cattle compared to other groups. Welch's t test was used to determine significant differences in protein-specific mean IgG titers, and the results were displayed as the volcano plot seen here. Dashed lines form two upper-right sections of proteins with P values of Ͻ0.05 or 0.01 and over 3-fold differences in antibody titer of T1/44-vaccinated cattle. Four proteins meet these criteria, one with a P value of Ͻ0.01. These are marked in gray: 1, R1046; 2, R271; 3, R0136; and 4, R0079. A fifth protein is significant (P Ͻ 0.05) but barely misses the signal fold criteria (protein 5, R0431). The recombinant fusion partner of all proteins, His 6 -ABP, is marked in solid black.
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on July 31, 2017 by guest http://cvi.asm.org/ weak immune response. Disregarding whether responses to these proteins confer immunity or not, a successful immunization should elicit a stronger immune response upon contact with the pathogen. In this sense, the antigen concentration needs to be titrated in order to generate stronger immune responses that might be protective. Booster immunizations, inoculum size, and alternative adjuvants should be considered when assessing and optimizing novel vaccines. As a way of identifying novel potential vaccine components and expanding the knowledge of immunity to CBPP, responses specific to the protected cattle in the T1/44 group were identified ( Fig. 3) . Here, four or five proteins were identified, FIG. 4 . Responses to subcomponents of the recombinant protein vaccine candidate. Four of the five recombinant surface proteins in the vaccine candidate had generated IgG titers of interest in the protein-specific analysis, here displayed as box plots for three groups of cattle before (b) and during (d) CBPP infection. Only two proteins had significantly (P Ͻ 0.05) different titers between the purified (Pur.) protein vaccine group and the two other groups, as measured by mean IgG titers and marked by asterisks. The bold line represents the median signal, the boxes comprise 50% of the data set, and the whiskers extend to the furthest data point within 1.5 times of the box length. Circles mark outliers. †, only one animal in the T1/44-vaccinated group developed CBPP.
VOL. 17, 2010 PROTEIN-SPECIFIC ANALYSIS OF CBPP VACCINE TRIAL 859 depending on the cutoff for signal differences between the groups. The criterion of a 3-fold-higher signal in T1/44-vaccinated cattle was imposed in recognition of the small sample set of five cattle per group to reduce the impact of individual animals and to isolate proteins with the comparably largest increase in IgG titers. There are probably additional proteins among the 65 included in this assay that could be potential vaccine candidates. These could be identified by using larger groups of cattle or by measuring other immune response components such as IgM, IgA, or cellular responses. LppQ is known to be a marker of CBPP (1), but its usefulness as a vaccine is questionable based on recent studies (19, 27) . The results of this study indicate that MSC_1046 (LppQ) is the most significant component of the T1/44-induced response ( Fig. 1 and 3 ). In this context, it is important to remember that the presented results are protein-specific systemic IgG responses associated with T1/44-induced immunity by statistical significance. Whether the humoral responses to MSC_1046 (LppQ) or any other of the proteins identified here are protective is yet to be determined. The cell-mediated immunity also appears to be important (7, 8, 35) and emphasizes that further studies are needed. The recombinant proteins produced and used in this assay could of course be used for analysis of protein-specific cellular responses in a suitable assay format. Such a study was recently done on four recombinant lipoproteins, in which no cellular response to LppQ was induced but responses to LppA were observed (9) .
Serum samples taken in the period prior to exposure to CBPP by intubation of 10 cattle were unfortunately not kept for analysis of protein-specific IgG titers. This prevented comparison of the initial immune responses to both vaccines, which would have given further insights into whether a sufficient immune response was triggered to the recombinant vaccine candidate. Furthermore, study of the primary immune response induced by T1/44 and comparison to the subsequent secondary immune response induced by the CBPP challenge (reported here) would possibly yield even more insights into the T1/44-induced protection against CBPP.
To our knowledge, no direct evidence has yet been presented for the role of a specific protein in CBPP immunity. This study makes a contribution by identifying several proteins (MSC_1046 (LppQ), MSC_0271, MSC_0136, MSC_0079, and MSC_0431) that are associated with immune responses to CBPP of interest for further evaluation in a second-generation recombinant vaccine. The next phase would be to evaluate cellular immune responses to the suggested proteins and evaluate other adjuvants or administration protocols of vaccines to produce protective immune responses.
